We have used human specimens and antibodies to pERK1/2 to detect early development of colon cancer, using indirect immunocytochemistry. Two distinct sites were stained; one at the tip of the colon villi and the other in the stromal tissue, associated with the colon tissue. These foci represent early stages of colon cancer initiation, as established by enhanced KRAS, and lack of p53 staining. It should be noted, however, that the enhanced KRAS coincides with the initiation of tumor growth revealed by pERK1/2 only in the tip of the colon villi but not in the stromal initiation site of the colon tumors. Interestingly, foci of pERK1/2 staining were also detected within 50% of stromal tissue and tips of colon villi, that were classified as normal tissues, distal from the malignant one according to general morphology. The staining of pERK1/2 at the stromal foci of this apparently non-malignant tissue appeared as aggregates at the perinuclear region, while at the colon epithelium, it appeared at the cell nuclei. At low-grade of colon cancer, that was still free of induced mutated p53, staining of pERK1/2 was prominent at the cell nuclei both at the stroma tissue and the tip of the colon villi. In intermediate stage, that exhibited a significant p53 staining, only a fraction of p53-free tumor cells was labeled with pERK1/2 antibody, while in high-grade tumors, all cells of tumors were labeled with antibodies to p53, but not with pERK1/2. We also found that the cytoplasm of low-grade tumors was positive for epiregulin, while this labeling decreased in high-grade tumors. Interestingly, we found that the tumors initiating from the stroma demonstrated poor structural differentiation, while the tumors initiating from the epithelial cells of the colon demonstrated high structural differentiation. It is concluded that pERK1/2 is a sensitive early marker of colon cancer, which disappears at later stages of cancer development. Moreover, pERK1/2 staining can distinguish between tumor cells originated from the tip of the colon villi and those originated in the stroma, associated with the colon tissue, and thus can assist in selecting the appropriate therapy.
Introduction
Colorectal cancer is the second leading cause of cancer deaths in Western countries (1) . Despite of more than two decades of research into the molecular genetics of colon cancer, there is a lack of prognostic and productive molecular biomarkers with proven utility in this setting (reviewed in refs. [1] [2] [3] . It was suggested that balance between MAPK pathways could be critical for presenting or promoting growth in a variety of cancer cell lines, including colon cancer cell lines (2) . In later studies the essential role of mutation of KRAS and p53 in colorectal cancer was established (reviewed in refs. [4] [5] [6] . More recently it was discovered that loss of epigenetic control of synucleins serve as a molecular indicator of metastasis in a wide range of human cancers, including colon cancer (7, 8) . It was also speculated that UCP2 altered suppression, oxidative stress and NF-κB activation could be related to successive events in cancer development, including colon cancer (9) . Moreover, expression of epiregulin and KRAS mutation was found valuable in predicting control of metastatic colorectal cancer, using specific drugs as Cetaxumab (4, 10) . High expression of ERBB1, ERBB 2 and ERBB3, but not ERBB4 were found in colon cancer cell lines and could help in the selection of the appropriate chemotherapy (7, 11) . High serum and tissue levels of amphiregulin and high tissue level of epiregulin were suggested to be predictors of a poor prognosis in patients with colorectal carcinoma (10) (11) (12) (13) .
It is well established that the interaction of EGF ligands of the EGF family epiregulin and ampiregulin with the appropriate receptors (ERBB) will lead to phosphorylation of the receptor molecule (reviewed in ref. 14) , which will eventually phosphorylate MAK and ERK1/2, leading to their translocation into the nuclei of the cancer cells (15) (16) (17) (18) (19) The intestinal renewal system is tightly controlled and depends on the spatial organization of signals that emanate from supportive mesenchymal cells, as well as from differentiated epithelial progeny. Intriguingly, recent evidence suggests that intestinal cancers may still contain a hierarchical organization, with cancer stem cells (CSCs) at the apex (20) . From the seminal work of Fearon and Vogelstein it is clear that CRC develops as a stepwise accumulation of genetic hits in specific genes and pathways (21) . The CSC theory refines this model further and suggests that the actual tumorigenic capacity of individual cancer cells may be influenced by homeostatic signals derived from their microenvironment. These findings are especially exciting in light of recent developments that have increased our comprehension of the regulatory mechanisms that control individual (ISCs), and have resulted in new tools to identify and localize ISCs. Although we clearly do not fully grasp the complete spectrum of signals and interactions at this point, our understanding of normal crypt homeostasis and the identification of markers that define ISCs are providing intriguing insight into the organization of intestinal cancers (reviewed in ref. 23) .
In the present study, we demonstrate that pERK1/2 could serve as an early marker for the development of colon cancer and may be present preferentially in stem cells of colon cancer. Moreover, their distribution in the colon tissue and associated stromal tissue could explain multiple sites of cancer development that could be recognized by the presence of pERK1/2, that would disappear at later stages of colon cancer development.
Materials and methods
Tissue samples -human specimens. We analyzed normal tissues of colon: 4 µM sections of formalin-fixed and paraffinembedded tissues that were removed at a distance from the tumor (11 samples) and were classified as normal tissue according to general morphology of sections stained with hematoxylin and eosin. We analyzed also tissues of low grade tumors (stage I) (12 samples), intermediate (stage II) (11 samples) and high grade tumors (stage III and IV) (13 samples). Prepared sections (4 µM) were stained by the indirect immunocytochemistry method (24-27) with anti-pERK1/2 or anti-p53 or anti-epiregulin or anti-KRAS antibodies followed by staining with hematoxylin for 90 sec. It should be noted that the number of samples mentioned above refers to the number of patients from whom the tissue samples were collected.
Reagents. The first antibodies used were: i) Monoclonal antibodies to p53 (mouse clone 421) that were kindly donated by Professor Moshe Oren from our Institute. ii) Antibodies to pERK1/2 were mouse monoclonal antibodies that recognize only the phosphorylated form of ERK 1/2 and not the nonphosprylated form, using a dilution 1:200 (Sigma-Aldrich M8159, St. Louis, MO, USA). iii) Antibodies to epiregulin were anti-human recombinant epiregulin 1195-EP (R&D Systems, MN, USA). iv) Rabbit polyclonal antibodies to KRAS, purified (Acris Antibodies, Inc., San Diego, CA, USA). Following incubation with the first antibodies there was incubation with specific second antibodies against the first ones conjugate to peroxidase (N-Histofine, Tokyo, Japan) and the staining of the slides was performed as described (24) (25) (26) (27) .
Permission for the research of the Helsinki Committees was obtained from Kaplan Medical Center, Rehovot 76100, Israel, and Wolfson Hospital, Holon, Israel.
Microscopic examination.
For scoring the number of labeled cells and nuclei in normal and different stages of the colon tumor development, pictures were taken at magnification x400 or x1000 on the Nikon microscope. Six to twelve different areas of stained slides of each different stage of colon tumor development (and controls of normal colon tissue) were photographed and the number of labeled nuclei or labeled perinuclear foci and total nuclei were scored, calculating the percentage of labeled nuclei or perinuclear foci in each photograph, and the mean value ± SD of all fields were calculated as well. At each stage of the colon tumor development (and normal tissue) total of ~750 cells were scored. It should be noted that at normal colon pictures were taken to show both the stroma and the epithelial cells, while in colon containing the tumors, pictures were taken in the main bulk of the tumors.
Statistical analyses. Statistic evaluation of the different percent of labeled nuclei among the different stages of ovarian tumors development was performed, including control of normal ovary. Analysis of variance (ANOVA) followed by multiple comparison tests or student t-test as appropriate, was performed. Calculations were performed using SPSS software (Student's t-test, Version II, Chicago IL, USA). Values of P<0.05 were considered statistically significant.
Results
In order to examine whether pERK1/2 can serve as early marker for colon cancer progression we stained 4-µm sections of paraffin-embedded tissue of: normal, low grade, intermediate grade, and high grade specimens of colon cancer with antibodies to pERK1/2. Only ~50% of the normal tissues (determined by their morphology) showed no staining both in the intestine villi and in the stromal tissue stained cells ( Figs. 1 and 2A) . The other half of the samples was stained in nuclei at the tip of the intestine villi (Fig. 2B) . In the stroma of these normal tissues, increasing amounts of pERK1/2 appeared in aggregates at the perinuclear region (Figs. 1 and 2C-E) . The appearance of pERK1/2 was occasionally detected in the tip of the intestinal villi (Fig. 2B) . Sometimes the pERK1/2 appeared earlier in the stroma cells leaving the villi cells unstained (Fig. 2D) and sometime the labeling appear earlier at the colon epithelial cells. All in all, the staining in the labeled areas amounted to 10.8±7.48%, which underscored both in the nuclear area and the perinuclear area (Fig. 1) . When sections of the apparently normal tissue were stained with anti-epiregulin antibody, there was clear staining in the cytoplasm of the villi as well as in the cytoplasm of tumor cells embedded in the stroma cells, mainly in tissues that showed positive staining to pERK1/2, leaving the non-cancer cells unstained (Fig. 2F) . No positive labeling was evident following staining the sections with antibodies to p53 (not shown). However, when stained with antibodies to KRAS only sites of the initial development of tumors at the tip of the colon villi were stained (Fig. 3A) while the sites of tumor growth in the stroma remained unstained (Fig. 3B) .
In low-grade tumors, the labeling with pERK1/2 was similar to that observed in the labeled part of the normal tissues, although the labeling in the perinuclear regions increased significantly to 24.75±15.54%, and in the nuclei to 68.84±25.32% p<0.001 (Figs. 1 and 4A-C) . Similar to normal ones, these tissues had no detectible p53, but the labeling of epiregulin was increased (not shown). In the intermediate stage, the staining with pERK1/2 was often scattered. The labeling in the nuclei was reduced to 24.68±13.86% and in the perinuclear region to 16.48±15.81%, which is very significantly lower than in low grade tumors (P<0.001). The labeling in the perinuclear region was observed predominantly in the tumors initiating from colon stroma. However, there were tumors in the stroma where the vast majority of pERK1/2 was in the nuclei. In tumors, which apparently originate from the colon epithelial cells and exhibit typical organization of carcinoma, cells labeled with antibodies to pERK1/2 were often scattered in only part of the cell nuclei. The reduction in pERK1/2 staining, seemed to be accompanied by elevation in p53 staining, as anti-p53 antibody revealed scattered labeling of nuclei ( Fig. 4D and E) . Cell cytoplasm was intensively labeled when the staining was performed with anti-epiregulin antibody (not shown).
In high-grade carcinomas, no labeling to pERK1/2 was very often evident in most of the fields inspected in highly differentiated tumors originated from the epithelial cells ( Fig. 5A and B) . However, in a small but a significant fraction of undifferentiated tumor cells, probably originated from the stroma, both mutated p53 and pERK1/2 were coexpressed (not shown). Statistically, the labels of pERK1/2 in nuclei was 2.54±2.2%, while in the perinuclear region it was 2.48±2.2% (Fig. 5A and B) , which is significantly lower than in the intermediate tumors (P<0.05). In contrast, all cell nuclei were stained with anti-p53 antibody (Fig. 5C) , and the labeling with antibodies to epiregulin was significantly weaker, compared to tumor cells of intermediate grade (Fig. 5D) .
It should be noted that all the images of tumors of patients inspected in the present study which originate from the stroma, were structurally poorly differentiated (Figs. 2B, 3B, 4A-C and  5) . In contrast, all images of tumors of the patients which originated from the epithelial cells of the colon villi were structurally highly differentiated (Figs. 2B, 3A , 4B-D and 5A, C and D).
Discussion
Colon cancer is one of the most lethal malignancies if not diagnosed in time (1,2) . In the present work we suggest that immunocytochemistry of pERK1/2 can be considered as a useful marker for early diagnosis, which may lead to more accurate treatment of the cancer and to improved prognosis. Internalization of pERK1/2 into the nucleus occurs since growth factors of the family of EGF and their receptors are produced in the colon cancer cells (10) . These growth factors are cleaved by methaloproteinase, which binds and activates the receptor to EGF (12) . The activated EGFR then activates the ERK cascade, including phosphorylation and activation of ERK 1/2. Upon its activation, the latter is translocated to the nucleus by a recently discovered specific mechanism, which involves binding of ERK-NTS to importin-7 (15) (16) (17) (18) (19) .
Interestingly we found that prior to its entry to the nucleus, pERK1/2 was concentrated in a distinct cores adjacent to the nuclei. Such a perinuclear concentration was characteristic mainly in cancer cells originating from the stromal tissue, associated with the colon, which would suggest that the origin of cancer from the stromal tissue is different from cancer cells which originate from the colon epithelial cells. It is not clear yet whether such aggregates of pERK1/2 are surrounded by membrane. This could probably be resolved in the future using specific antibodies to pERK1/2 attached to colloidal gold particles and visualization at the electron microscope (reviewed in ref. 28) .
It should be noted that a simplified model of tumor growth progression from adenoma to carcinoma has been proposed, which includes the stepwise accumulation of genetic events to several key genes and genetic loci; disruption of WNT signaling, activation of the KRAS oncogene, allelic imbalance (A1) on chromosome 18q, reduced expression of SMAD4, and mutation of the p53 tumor suppression gene. The appearance of pERK1/2 probably coincides with activation of KRAS, probably only in the tip of the colon epithelial cells and not in the initiation of tumor growth at the stroma, as was demonstrated in the present work, which would suggest different genetic alteration in the latter site of tumor progression (29) (30) (31) (32) (33) (34) .
The disappearance of nuclear pERK1/2 from the nucleus at later stages of tumor development stress the point of pERK1/2 as earlier marker of colon cancer development. Moreover, the fact that in intermediate stage only part of the nuclei are labeled with anti-pERK1/2 suggest that we can also identify the shift between low-grade and high-grade (carcinoma) of colon tumors. Interestingly, we suggest for the first time that the cancer cells 'know' their root of development in somewhat economic manner, since when p53 is already mutated there is no need for additional factor such as pERK1/2 to stimulate cell proliferation. However, the mechanism by which mutation of p53 affect the disappearance of pERK1/2 has to be explored. It should be noted that also the staining to anti-epiregulin was reduced significantly in colon tumor cells already expressing the mutated p53. Nevertheless, it should be noted that although the disappearance of pERK1/2 occurred in the differentiated tumor cells, a small but a significant fraction of undifferentiated tumor cells continued to express both pERK1/2 and mutated p53. It may well be that the small fraction of these cells may exhibit a better potential of spreading and metastasizing than tumor cells that express only ERK or mutated p53.
Our data support the notion that colon cancer initiates at least at two different loci: the most common pathway of colorectal cancer development is thought to be the adenocarcinoma sequence, in which carcinoma develops from adenomatous polyp (35) . The current practice of removing adenomas polyps of the colon and rectum is based on the belief that this will prevent colorectal cancer (36) . However, recent reports have described flat and depressed colonic neoplasms (37) , leading to the proposal of an alternative pathway of de novo colon carcinogenesis, which involves an aggressive growth phenotype and quick infiltration into neighboring tissue and lymph nodes (38) (39) (40) . The most common site of metastasis of these cancers is the liver, followed by the lung (reviewed in ref.
3). Our observation of islets of cancer cells labeled with pERK1/2 embedded in the stroma, sometimes even distal to the epithelial cells, in contrast to pERK1/2 in epithelial cells, support this notion. It is suggested that the distribution of intracellular pERK1/2 can distinguish between two origins; while in the first case in the low grade stage the pERK1/2 appears in the foci in the perinuclear region embedded in the stromal cells distal to the epithelial vilus cells, while in the second case pERK1/2 appears directly in the nuclei of the epithelial cells. However, one cannot exclude the possibility that in the appropriate homeostatic conditions, in clusters of cells that already contain pERK1/2 in the perinuclear region, or already in the nuclei, the development of aggressive tumors could be arrested. This issue should be explored in the future. Moreover, it could be that during the development of high grade tumors of the intestine cells stem cells may contain also nuclear pERK1/2 especially during and following inflammation in the colon (20, 22, 35, 40) . Using other typical biomarkers of colon cancer could assist in such a situation.
It is important to note that in the present work we found that most of the colon tumors initiated from stroma showed poor morphological organization (poorly differentiated), in contrast to tumor cells initiating from epithelial cells of the colon, which showed in general much higher degree of morphological organization (highly differentiated). It was earlier reported that the mortality of patients with colon tumors poorly differentiated was clearly and significantly higher than patients demonstrating highly differentiated tumors (41) . It is therefore suggested that in most of the cases of tumor initiating from the stroma they may exert much more aggressive development and metastasis than cases of tumors initiated from the epithelia of colon, demonstrating a high degree of differentiated appearance.
All in all, the appearance of pERK1/2 in the colon tissue could assist in early detection of this severe disease, and can distinguish between the proposed two types of origin of colon cancer and may assist in selecting of the appropriate treatment.
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